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Voyager imaging, infrared, and radio observations for Saturn have been recently interpreted by
Smith er al. (1982) as an indication that the jet streams observed at the cloud tops extend to depths
greater than the 10%bar level. This analysis assumes a maximum latitudinal temperature contrast of
a few percent, a mean atmospheric rotation rate at depth given by Saturn’s ratio period, and no
variation with latitude of the bottom pressure level for the zonal flow system. These assumptions
are not, however, firmly constrained by observation. The diagnostic analysis of plausible alterna-
tive configurations for Saturn’s atmospheric structure demonstrates that a thin weather layer
system (confined at mid to high latitudes to levels above 200 bar) cannot be excluded by any of the
available observations. A quantitative estimate of the effects of moisture condensation (including
the differentiation of mean molecular weight) suggests that these might provide the buoyancy
contrasts necessary to support a thin-layer flow provided that Saturn’s outer envelope is enriched
approximately 10 times in water abundance relative to a solar composition atmosphere and strongly
differentiated with latitude at the condensation level.

INTRODUCTION

The atmospheric dynamics of Saturn and
Jupiter remain a formidable challenge to
theoretical understanding. Both planets
show strongly super-rotating equatorial
currents and at higher latitudes an axisym-
metric and long-lived pattern of alternating
westward and eastward jet streams. On
Saturn, however, the currents are some-
what stronger, wider in latitudinal extent,
and more dominantly prograde, measured
with respect to the planet’s ratio period,
than for Jupiter (Smith et al., 1982).

Two extreme pictures of the global scale
dynamics for the Jovian planets have em-
erged. In one view, the wind patterns are
the observed effect of interior convection
organized into multiple counter-rotating cyl-
inders, concentric with the planetary spin
axis, and extending through the bulk of the
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molecular hydrogen envelope (Busse, 1976,
Ingersoll and Pollard, 1982). In the other
view the observed zonal flow is confined to
a thin upper weather layer with a small ver-
tical to horizontal aspect ratio (e.g., Con-
rath et al., 1981), possibly supported by dif-
ferential radiative absorption and phase
changes associated with the condensation
of atmospheric constituents (Gierasch,
1976). Both pictures of the Jovian dynamics
thus far lack a complete theory which can
satisfactorily account for all the observa-
tions.

Recently, however, Smith et al. (1982)
have suggested that the Voyager imaging,
infrared, and radio observations for Saturn
together imply that the flow patterns at the
cloud tops must extend to depths greater
than the 10%bar level and that thin-layer
models for both Saturn and Jupiter must be
reexamined with this conclusion in mind.
We will review the observational and theo-
retical assumptions of this analysis and
show that the stated conclusion is quite
sensitive to the adopted parameter settings.
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A generalized diagnostic analysis of plau-
sible alternative configurations for Saturn’s
dynamic atmosphere suggests that a thin
weather layer geometry is still consistent
with all the available observations. We
present and discuss a few numerical exam-
ples of previously neglected effects which
might be of controlling importance for the
dynamical balance of a thin-layer flow sys-
tem on Saturn. The indicated depth for the
zonal flow in these examples is between 50
and 200 bar. While we will argue that it is
too early to exclude an entire class of Jo-
vian atmospheric models, we acknowledge
that the work of Smith et al. (1982) has led
us to expect that the flow may well lie at
deeper levels on Saturn than such models
have previously assumed.

OBSERVATIONAL CONSTRAINTS

Smith et al. (1982) present measurements
of Saturn’s zonal velocity as inferred from
the drift rates of cloud features (in the vicin-
ity of the 350-mb level). A smooth fit to
their published data is indicated by the solid
curve in Fig. 1. These cloudtop velocities
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Fic. 1. Saturn zonal wind velocity at the cloudtop
level inferred from Voyager imaging measurements.
The solid curve represents a smooth fit to the data of
Smith et al. (1982) measured with reference to Sat-
urn’s radio period. The dashed curve corresponds to
the same measurements in a frame of reference with a
rotational period 6 min less than that of the radio pe-
riod.
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are computed with reference to the mea-
sured Saturn radio period 7.4 as

ut(N) = 2malre'(N) — Tragio 'IcOs A,

)

where a denotes the planetary radius and ¢
the rotation period of a tracked cloud fea-
ture at latitude A. (Here we neglect a small
correction in the rotation radius of features
due to the planet’s oblateness which does
not significantly affect the following diag-
nostic analysis.)

The wind profile derived in this way may
be expected to indicate the velocity of
cloudtop motions with respect to the bulk
of the planet provided that the deep interior
rotates as a solid body at the same rate as
the radio period. It is possible, however,
that the bulk interior of Saturn does not ro-
tate at exactly the measured radio period.
This possibility is mentioned by Smith et al.
(1982) and bears consideration as a poten-
tially important effect on the diagnostic
analysis of the draft rates.

The radio period associated with Sat-
urn’s kilometric radiation has been accu-
rately measured by Desch and Kaiser
(1981) as 74 = 10M39m24s to within +7.
The strength of the kilometric signal, how-
ever, is sporadic and unexpectedly modu-
lated by the planet’s rotation, with prefer-
ential emission occurring when Saturn has
a particular phase relative to the Sun
(Warwick et al., 1981). Kaiser et al. (1981)
have analyzed the beam geometry of the
kilometric radiation and have inferred that
the source of the radio signal is probably
tied to a northern high-latitude sector of the
auroral zone at a longitude close to the local
noon meridian. (They note that this region
is a good candidate for the enhanced parti-
cle precipitation required to produce the ra-
dio emission.) If this region is in fact the
source of the signal and if its rotation or
emission period is shifted with respect to
the rotation of the deep interior of the
planet, then the motion of the cloud-
tracked features with respect to the interior
will assume a character different from that
of the solid curve of Fig. 1.
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We do not attempt to suggest how such a
frequency shift between the signal-generat-
ing sector and the deep interior core might
be expected to occur but will explore the
effects of a 1% change in the reference rota-
tion period on the dynamical analysis of the
cloudtop winds. Solving Eq. (1) for 74~! and
back-substituting the result with 7.4, re-
placed by some other reference period 7.
we obtain the cloudtop velocity in the new
frame as

ur(A) = ut(A)

+ 27maltradio”! — Tt 'lcOs A, (2)

The dashed curve in Fig. 1 shows the
zonal velocity thus computed from the pub-
lished drift speeds with reference to a rota-
tion period which is 6 min shorter than the
measured radio signal. In this frame of ref-
erence, the high-latitude jet streams assume
a periodic variation between eastward and
westward flow more like that inferred for
Jupiter. (cf. Fig. 2 of Ingersoll et al., 1981).
We emphasize that the dashed profile in
Fig. 1 is only one example of how the real
motion with respect to the interior might
differ from the published result, owing to
the uncertainty about the exact connection
between the interior magnetic field and the
observed radio signal.

The other observational constraint in-
voked by Smith et al. (1982) in their dynam-
ical analysis of the zonal flow comes from

{17

PRESSURE (mb)
o

70 6 50 40 30 20 10 0
NORTH LATITUDE

Fi1G. 2. Zonally averaged cross section of the devia-
tion from the latitudinal mean retrieved temperature
(°K) at each indicated pressure level in Saturn’s north-
ern hemisphere from Voyager 1 IRIS measurements
(after Pirraglia et al., 1981). Reprinted by permission
from Nature, Vol. 292, No. 5825, pp. 677-679. Copy-
right © 1981 Macmillan Journals Limited.
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the Voyager infrared interferometer spec-
trometer (or IRIS) observations. They infer
from published data a maximum equator to
pole temperature variation of 2%. They
also estimate a maximum mean molecular
weight variation with latitude of 2% to yield
a maximum combined variation of 4% in
the virtual temperature of the zonal flow
layer between equator and pole.

Figure 2 presents a zonally averaged
thermal cross section of the deviation from
the latitudinal mean retrieved temperature
at each indicated pressure level in Saturn’s
northern hemisphere obtained by Voyager
1 IRIS and published by Pirraglia er al.
(1981). They caution that retrievals below
300 mb may be affected by variable haze
concentration (cf. Conrath and Pirraglia,
1982). In fact, recent work by West (1983)
indicates that unit optical depths at visible
wavelengths in Saturn’s atmosphere lie be-
tween 200 and 500 mb. Figure 2 does sug-
gest, however, that the global thermal con-
trasts between low and high latitudes above
300 mb may be as large as 10°K, or roughly
12% of the retrieved upper tropospheric
temperature (=86°K), and in the sense ex-
pected for differential solar driving.

The structure shown in the upper part of
the cross section may well include a tran-
sient component associated with the north-
ern winter season. (Although the Voyager
arrived at Saturn shortly after the Spring
equinox, the radiative time constant at
these upper atmospheric levels is compara-
ble to the Saturnian year.) Measurements
for Saturn’s southern hemisphere are more
sparsely placed than those used in the con-
struction of Fig. 2 but do show less latitudi-
nal contrast (Conrath and Pirraglia, 1982).
If the contrasts shown in Fig. 2 are in fact
partly seasonal, then the view that differen-
tial solar heating is operative at these levels
is only reinforced.

At greater depths below the cloudtops
the radiative lag time is longer than the Sa-
turnian year and seasonal effects will tend
to be suppressed. (The time constants may
be estimated from the work of Gierasch and
Goody, 1969.) The radiative response of the
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cloud layer may then be controlled by the
yearly mean of the differential heating be-
tween equator and pole so that all hemi-
spheric asymmetries as well as seasonal
changes would be absent at these levels.
Thus, the IRIS observations are in no way
inconsistent either with differential heating
of the cloud layer below 350 mb or with the
imaging observations of the hemispheric
symmetry of the jets (cf. Fig. 1).

Ingersoll (1976) has proposed that the
planet’s internal convection may compen-
sate for the differential solar heating in a
way which could severely limit the magni-
tude of latitudinal temperature contrasts.
Other theoretical pictures for the convec-
tive transport of the internal heat through
the upper cloud zone are possible, how-
ever, with large circulation cells taking the
place of small scale eddies (cf. Gierasch,
1976). The real situation depends upon the
vertical structure of the atmosphere at lev-
els where we have little or no information.
Further work with radiative—convective
models is needed to assess the possible dif-
ferential heating at subcloud levels by the
absorption of sunlight.

The most important point to be made
here is that there is no purely observational
basis for firmly restricting the equator-to-
pole thermal contrast below the cloud deck,
whatever its source, to 4%. It is worth not-
ing that on the Earth the latitudinal thermal
gradients measured at upper tropospheric
levels are significantly weaker than those at
lower altitudes. (cf. COSPAR, 1972.)

GEOPOTENTIAL ANALYSIS

Smith et al. (1982) apply the observed
drift rates on Saturn to an analysis of the
geopotential height variation with depth
and latitude. We repeat this analysis in
somewhat greater generality to examine the
continuous dependence of the required bot-
tom pressure upon the latitudinal thermal
contrast and to allow for the possibility that
the bottom pressure for the flow may itself
vary with latitude.

The geopotential is just the effective

299

gravitational potential at some elevation z
as compared with some reference elevation
Zp. That is,

® = f gdz, 3)

where g denotes the effective gravitational
acceleration (corrected for the local centrif-
ugal acceleration). In the absence of any
topographic structure, it is convenient to
express vertical variations within the atmo-
sphere in terms of the nondimensional pres-
sure { = p/pr, where py denotes the pres-
sure at the cloudtop level, and to take
horizontal gradients along isobaric sur-
faces. For a convective atmosphere, it is
also convenient to employ the potential
temperature function ® defined with re-
spect to the ordinary temperature T accord-
ing to ® = T{ R, where R is the gas con-
stant and c, the specific heat at constant
pressure.

Recent work by Massie and Hunten
(1982) suggests that ortho—para conversion
of hydrogen catalyzed by the presence of
aerosols in Jovian atmospheres may induce
vertical variations in the specific heat at
levels less deep than 5 bars. The dynamical
consequences are investigated by Gierasch
(1983). For the present analysis, we adopt
the classical ratio of R/c, = 0.2937 (as-
sumed constant) where R = 3.89 x 107 cm?
s72 K-! for an atmosphere composed of
93% hydrogen and 7% helium by number
fraction. (It is expected that these values
will be obtained in the deep atmosphere
where higher temperatures prohibit the
conversion of quantum rotational states for
the molecular hydrogen.) The assumed
number fractions for hydrogen and helium
are approximately consistent with those in-
ferred from Voyager IRIS measurements
for Saturn.

With the assumption of hydrostatic bal-
ance for an ideal gas the vertical variation
of the geopotential is given as

ad/af = —RORIp-1, 4

By the assumption of geostrophic balance
the variation of ® with latitude along an
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isobaric surface is given in terms of the
zonal velocity u(\,{) according to

IP/IN = —2Qau(,0)sin A, 5)

where () denotes the planetary rotation fre-
quency.

Now Eq. (5) may be integrated at the
cloudtop level using the data given in Fig. 1
to yield

ADHN) = B'(\,1) — D'(0,1)
- f: 2Qau’y(\sin AdA.  (6)

This integration has been carried out by
Smith et al. (1982) for their velocity profile.
In Fig. 3 we reproduce a plot of A®(A\)/c,
(in Kelvin units). The solid curve indicates
the result of the integration over the zonal
wind in the northern hemisphere measured
with reference to the radio period. By re-
placing u1(\) in Eq. (6) with u1(\) as given
in Eq. (2) we may compute the latitudinal
geopotential contrast for winds measured
with respect to some other reference period
Tref 48
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F1G. 3. Geopotential contrast with latitude at the
cloudtop level, divided by c,, as inferred from Voyager
imaging measurements of wind velocities in Saturn’s
northern hemisphere. The solid curve corresponds to
measurements with reference to the radio period, the
dashed curve to measurements with reference to a pe-
riod 6 min shorter than the radio period.
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ADr(A) = ADL(N)
+ 277a29(7'mdi0“ - 'r,ef")sinz A.

M

The result for 7.5 = Tragic — 6 min, again
divided by c,, is given by the dashed curve
in Fig. 3. In this case, the total latitudinal
geopotential contrast between equator and
pole is approximately four times smaller
than that for the zonal winds in the frame of
the radio period. Clearly, the meteorologi-
cal analysis is very sensitive to small
changes in the selection of the rotational
reference frame.

Now the determination of the vertical
variation of the geopotential height over the
depth of the zonal flow from Eq. (4) re-
quires the specification of the vertical varia-
tion of ®. Because of Saturn’s internal
heating and associated convection, the
thermal structure of the deep atmosphere is
expected to be very nearly adiabitic (i.e.,
80/8¢ = 0 at these levels). Equations (4)
and (5) together imply the existence of a
thermal wind shear (with pressure) wher-
ever © varies with latitude. Thus if the
zonal flow is to be confined to a thin upper
layer, the potential temperature at lower
levels may be expected to be independent
not only of { but also of A. (i.e., the lower
layer will be approximately isentropic.) Al-
though © will vary with latitude above the
level of no motion we will assume, follow-
ing Smith et al. (1982), that the vertical
structure is nearly adiabatic there also. The
large-scale motions are themselves unlikely
to change this assumption (Stone, 1972,
1976). Unlike Smith et al. and other thin-
layer studies, we will allow for the possibil-
ity that the no-motion level {g may vary
with latitude. In summary, we assume

_[O) for { = ()
o0, = {@D, a constant, for { > {g(\).
®

The indicated jump in potential tempera-
ture between levels above and below {g(A)
might be more realistically represented as a
continuous change in ® induced over some
thin but finite thickness by the radiative ab-
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sorption or latent heating within a cloud
layer. Another possibility is that cloud ef-
fects maintain a thermal structure which is
significantly subadiabatic throughout the
upper weather layer. We will, however,
omit such considerations from the present
diagnostic analysis.

The assumed structure is indicated sche-
matically in Fig. 4. We emphasize that the
variation of the bottom level ¢z with lati-
tude is included only as a possibility thus
far unconstrained by any observation.
Also, we note that no assumption is made
in this analysis about the dynamic lower
boundary condition for the weather layer.
The vertical velocity at {p is irrelevant to
the diagnostic analysis of the motions pro-
vided that the zonal flow in the upper layer
is geostrophic and the zonal flow in the
lower layer is everywhere negligible by
comparison. In a complete dynamical
model, the vertical velocity might be of
controlling importance in adjusting the lati-
tudinal variation of the depth of the inter-
face. Here we are only concerned with ana-
lyzing the necessary correlation between
the assumed kinematic configuration and
the geostrophic wind and temperature
fields.

The terrestrial oceanic currents may of-
fer a natural example of the type of configu-
ration we consider here for Saturn. Both
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F1G. 4. Schematic diagram of the geometry of a thin
zonal flow layer in Saturn’s upper atmosphere. The
dashed curve denotes the level of no zonal motion at
the bottom of the upper zonal flow layer. See text for
details.
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systems show large scale geostrophic mo-
tion within a fluid which is weakly stratified
at depth. Velocity sections of the ocean
currents (see, for example, Fig. 24 of Ni-
tani, 1972) show strong zonal motions con-
fined to a thin layer (in the vicinity of the
thermocline) with a lower level of no mo-
tion which varies strongly with latitude.

The vertical integration of the hydro-
static balance Eq. (4) at some fixed latitude
for pressure levels between ¢{r = 1 and
some deep level {p greater than the maxi-
mum of {g(A) for all latitudes yields the rela-
tion

DA, 1) — A, Lp) = c,{OMWILN PN 1]
+ Op [P — RPN 9)

Then, after taking the difference between
the values for the last result evaluated at
the pole and at the equator we obtain

[®(P,1) — ®(E,DVc, — [P(P,{p)
= ®(E,{p)lc, = OplLs™P(E) — {57 (P)]
+ O(P)[{p"(P) — 1]

~ OE)[L®»(E) — 1], (10)

where we have denoted the polar latitude
by P and the equatorial latitude by E. The
second term on the left side of this last
equation is zero by the latitudinal integra-
tion of the geostrophic Eq. (4) along { = {p,
where the flow velocity is zero everywhere.
The first term on the left has already been
evaluated by Eq. (7) with the results dis-
played in Fig. 3 for two different choices of
the reference period. It is convenient to de-
fine LGC = A®r(P)/c,, the total latitudinal
geopotential contrast at the cloudtops, and
set

80 = O(E) — Op, (11)

and

AO = O(E) — O(P), (12)

(cf. Fig. 4). We may then rewrite the geopo-
tential balance Eq. (10) as

LGC = R (P)[60 — AO]

— 80¢%(E) + A®. (13)
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We now analyze the required balance of
bottom pressure and thermal contrast for
the Saturn weather layer by considering the
following special cases for the parameter
settings in Eq. (13).

Case 1. {g(P) = {g(E). In this case, corre-
sponding to a flat bottom for the zonal cur-
rent,

s = [(A® — LGQO)/ABIR,  (14)
and 80 does not enter the analysis. This
case corresponds to the diagnostic analysis
discussed by Smith et al. (1982). They con-
sider the results for the two choices of A®
= 0.40(E) and A® = 0.040(E). Figure 5
displays the continuous dependence of the
required value for g as a function of A®
converted to dimensional units assuming
pr = 350 mb. The associated depth Az (in
km) for the equatorial flow is given from
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Fi1G. 5. Maximum depth of the zonal flow layer re-
quired to balance the inferred latitudinal geopotential
contrast as a function of the horizontal potential tem-
perature contrast. The indicated bottom pressure
depth assumes a cloudtop pressure of 350 mb. The
upper ordinate of the graph is labeled with the corre-
sponding percentage difference in potential tempera-
ture, assuming &(E) = 100°K. The solid curve corre-
sponds to the depth for the geopotential contrast
inferred from winds measured in the frame of the radio
period, the dashed curve to the depth for a geopoten-
tial contrast inferred from winds in a frame with period
6 min shorter.
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equations (3) and (4) as Az =
cp®(E)[¢s®»(E) — 1)/g and is indicated on
the right side ordinate of Fig. 5, assuming
O(E) = 100 K. The solid curve corresponds
to the evaluation of Eq. (14) with the value
of LGC computed for the wind profile mea-
sured with respect to the radio period. The
dashed curve corresponds to the evaluation
of (14) with LGC computed with 7g;s =
TRadio — 6 min.

Case 2a. 80 = A0. (i.e., the vertical con-
trast across the no-motion interface at the
equator equals the latitudinal contrast in
the weather layer.) Then, (g(E) = [(A® —
LGC)/A®]<'R as in case 1 but {g(P) drops
out of the balance relation. Thus, the bot-
tom pressure for the equatorial weather
layer is in this case the same function of the
thermal contrast as that indicated in Fig. 5
but the bottom pressure for the weather
layer at high latitudes may be arbitrarily
small.

Case 2b. A® = 0. (i.e., the vertical con-
trast at the equator is zero.) This case is the
geometric converse of case 2a, now with
{s(P) = [(A®@ — LGC)/A®]»R and {3(F) ar-
bitrary. This case seems less plausible than
2a, however, since for A® > 0 Eq. (11) and
(12) then give ®(P) < Op, implying a con-
vectively unstable jump between the lower
and upper adiabats at the pole.

Case 3. {g(P) — 1. Then the geopotential
balance equation becomes

{s(E) = [(80® — LGC)/8081R, (15)
and the horizontal thermal contrast A® be-
comes irrelevant. In this extreme limit of
shallow high-latitude flow, the geopotential
balance is supported by the jump in poten-
tial temperature between the layers above
and below { = {g(\) with negligible contri-
bution from the latitudinal gradient at the
cloudtops. Figure 5 may still be used to
evaluate the required depth of the equato-
rial flow, but now with A® replaced by 50
as the abscissa on the graph. (For reasons
similar to our remark about case 2b, we will
not consider the possibility that {g(E) — 1.)
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DISCUSSION

Figure 5 shows that the required bottom
pressure for the zonal flow is a sensitive
function of both the contrast in temperature
and the bulk rotation period of the deep at-
mosphere. With LGC computed from the
wind profile in the frame of the radio pe-
riod, a 4% thermal contrast requires a bot-
tom pressure of approximately 11,000 bars,
which is comparable to the conclusion of
Smith et al. (1982). If the bulk rotation pe-
riod of the planet at depth is 6 min less than
the radio period, however, the required
bottom pressure is only 160 bars for a 4%
contrast or 50 bars for a 6% contrast.

We have argued, however, that larger
thermal contrasts cannot be ruled out by
the observations. As Eq. (14) and Fig. 5
show, with A® < LGC, the required bot-
tom pressure is roughly proportional to the
inverse cube of the potential temperature
contrast. If the latitudinal thermal contrast
is as large as 12% (with A® = 12°K), then
even if the radio period is exactly the rota-
tion period of the deep atmosphere, the
maximum bottom pressure need be only
360 bars.

Furthermore, case 2a for the geopotential
balance equation described in the last sec-
tion demonstrates that this maximum depth
need not be maintained at all latitudes. If
the vertical jump in potential temperature
across the no-motion interface at the equa-
tor is as large as the equator-to-pole con-
trast in the upper weather layer, then the
depth of the flow at high latitudes is uncon-
strained. As discussed below, the presence
of compositional gradients in Saturn’s at-
mosphere make such vertical contrasts a
real possibility. Thus, a plausible configura-
tion for the zonal flow on Saturn is an equa-
torial jet extending to a few hundred bars
with relatively shallow mid-to-high latitude
jets extending no deeper than, for example,
a few tens of bars pressure.

In the extreme limit of shallow high-lati-
tude flow (case 3 above), the geopotential
balance equation reduces to Eq. (15) for
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which the vertical thermal contrast across
the no-motion interface is of overriding im-
portance. If such a configuration were real-
ized then the horizontal thermal gradients
at the cloudtops would be decoupled from
the dynamical balance of the zonal flow so
that even with A® = 0, the observed flow
could be maintained by sufficiently strong
buoyancy contrasts across the latitudinally
variable bottom.

There is as yet no observational basis for
discriminating against one or another of
these kinematic configurations. The flat-
bottom case may be the simplest to model.
The real structure, however, may more
nearly resemble the oceanic thermocline,
with strong density variations confined to
levels which vary with latitude.

In every case some vertical contrast in
potential temperature across the no-motion
interface is required at some latitude to sup-
port the thin-layer dynamics. Clearly our
understanding of the zonal flow system, if
in fact it is confined to a thin upper layer,
will be incomplete without a description of
the physics which imposes the required
buoyancy contrasts. We will not attempt to
provide a definitive answer to this problem
here but will mention a few possibilities and
examine one in quantitative detail.

Gierasch (1983) has suggested that differ-
entiation in the abundance of orthohydro-
gen and parahydrogen (cf. Massie and Hun-
ten, 1982) may induce strong thermal
gradients by the vertical transport of atmo-
spheric parcels along different adiabats
down to levels around 160 bar. Another
possibility is that contrasts arise from the
latent heating or differentiation of mean
molecular weight associated with the con-
densation of atmospheric constituents. In
addition to several carbon, oxygen, and ni-
trogen compounds, these include several
hundred metallic and salt compounds.
Barshay and Lewis (1978) have studied the
equilibrium abundances for some 500 such
compounds along the Jupiter adiabat and
find that condensation of minor constitu-
ents occurs at temperatures ranging from
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400 to 2000°K, corresponding to pressure
depths on Saturn ranging from 40 to 10,000
bars.

One especially interesting possibility,
however, is that water condensation effects
may be of controlling importance for the
dynamical balance of the Saturn meteorol-
ogy. Barcilon and Gierasch (1970) have
studied the latent heat effects for Jupiter in
a steady symmetric model. Gierasch (1976)
extended the predictions to the other Jo-
vian planets and found that pre-Voyager
wind speeds for Saturn could be accounted
for in this way only if the planet is enriched
in water abundance relative to Jupiter. Re-
cent work on differentiated interior models
for Saturn by Stevenson (1981) suggests
that the IRIS observation of helium deple-
tion (Hanel et al., 1981) may be accounted
for by an outer envelope which is greatly
enriched in its water abundance relative to
Jupiter’s. According to Stevenson (private
communication), the interior models re-
quire an enrichment of heavy molecules
(plausibly water) in the outer envelope in
order to match the measured value for Sat-
urn’s J4 gravitational moment. If the heavy
species is in fact water, Stevenson’s prelim-
inary results indicate an enrichment of
roughly 10 times the solar composition
value.

It is possible that a feedback between the
dynamics and water condensation can fur-
ther enrich the moisture abundance at one
latitude relative to another. We outline an
estimate of water condensation pressures,
thermal contrasts induced by latent heat-
ing, and the previously neglected effects of
the differentiation of mean molecular
weight in an appendix. Unfortunately, the
uncertainties in Saturn’s water abundance,
the latitudinal abundance gradient, and the
extent of vertical transports by precipita-
tion and reevaporation make it impossible
to obtain a unique diagnostic solution to the
balance of the geopotential contrast by
moisture-induced buoyancy effects. Never-
theless, the estimates given in the appendix
suggest that if Saturn is enriched 10 times in
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water abundance relative to a solar compo-
sition atmosphere and is latitudinally differ-
entiated so that the equatorial abundance at
the condensation level is 5 times that of the
interior, then the total jump in virtual tem-
perature including latent heating effects
may be sufficient to confine the flow to
pressure depths less than 50 bars. (We are
now assuming a reference rotation period
for the bulk atmosphere equal to the radio
period.) Other combinations of mean abun-
dance and latitudinal differentiation are
possible which also lead to confinement of
the flow at depths comparable to the con-
densation pressures for the water clouds.

SUMMARY

If the bulk of the molecular hydrogen en-
velope of Saturn rotates as a solid body
with a period which is a few minutes less
than the measured radio period, the magni-
tude of thermal (or density) contrasts re-
quired to support the observed flow over a
thin layer will be greatly reduced. With a
bulk rotation period 1% less than the radio
period, for example, a 5% thermal contrast
will confine the zonal flow to depths less
than 80 bars. Although it is not clear how
such a period shift may be produced, the
sensitivity of the meteorological analysis to
the bulk rotation rate and the uncertainty
about the real source of the kilometric radio
signal used to define this rate (Warwick et
al., 1981) make this an important area for
further consideration. Can ionospheric
loading of charged particles cause the signal
rate to shift with respect to the rotation rate
of the frozen-in field lines? Can deep inte-
rior currents cause the magnetic field to
drift rapidly to the west with respect to the
molecular envelope? Both magnetospheric
theory and models of the magnetic dynamo
may be of relevance here.

Even if the bulk rotation period is exactly
the radio period, the required depth for the
flow is still a sensitive function of the ther-
mal contrast at levels below the cloud tops.
The IRIS measurements cannot give a reli-
able upper limit on thermal gradients at
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these depths (although there is some indica-
tion of differential solar heating above).
Further radiative—convective modeling of
clouds and aerosols in Jovian atmospheres
might be of value in assessing the effects of
absorbed sunlight at depth.

We have shown that the situation might
be complicated by a thin-layer configura-
tion with a lower level of no motion which
varies with latitude. Saturn’s strong equa-
torial jet may lie at deeper levels than the
high-latitude flow. Then vertical buoyancy
contrasts across the no-motion interface
could be as important as the horizontal con-
trast between equator and pole.

Compositional gradients may play a con-
trolling role in both the vertical and hori-
zontal contrasts. We have shown in the Ap-
pendix that if Saturn’s envelope is greatly
enriched in water abundance relative to a
solar composition atmosphere and strongly
differentiated with latitude, then moisture
condensation effects could by themselves
provide the required gradients for a zonal
flow confined to the vicinity of the cloud
layer. It would be of interest to extend
these crude estimates with chemical equi-
librium computations as careful and com-
plete as those of Weidenschilling and Lewis
(1973) both for a water-enriched cloud layer
and for the deeper cloud layers associated
with the metallic and salt compounds. Ob-
servational measurements of abundance
gradients would be welcome but are proba-
bly difficult to obtain at depth. De Pater and
Dickel (1982) have shown that radio maps
of Saturn at wavelengths close to 1 cm from
the very large array (VLA) give equal limb
darkening in both the north-south and
east—west directions only if the ammonia
abundance decreases with latitude. It
would be of great interest to see if the VLA
measurements could also be applied to
modeling of the water abundance.

The observational uncertainties and al-
ternative configurations for thin-layer flows
described in this study make it impossible
to rule out an entire class of Saturn atmo-
spheric models by diagnostic analysis of
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cloud-tracked winds. The analysis of Smith
et al. (1982) has demonstrated the need to
reexamine previous ideas about Jovian me-
teorology in the light of new observations.
It remains to be seen, however, whether
the real flow on Saturn (and Jupiter) is con-
fined to a thin upper layer or extends com-
pletely through the envelope in counterro-
tating cylinders. Our understanding of the
Saturn meteorology will ultimately require
detailed solutions of the time-dependent
equations of motion coupled to realistic
models of the thermodynamics for further
comparison with the observations.

APPENDIX: MOISTURE CONDENSATION
EFFECTS

Recent modeling of the Saturn interior by
Stevenson (1981) suggests that the outer en-
velope may be greatly enriched in some
heavy molecular species (plausibly water)
relative to Jupiter’s atmosphere. If this spe-
cies is in fact water, then preliminary com-
putations (Stevenson, private communica-
tion) indicate an enrichment amounting to
roughly 10 times the solar composition
value. Such a large water abundance im-
plies the possibility of strong buoyancy
contrasts at the water condensation level,
owing both to latent heat release and the
differentiation of mean molecular weight.

In order to obtain a quantitative estimate
of these effects we will assume that in the
final steady state the moist convection as-
sumes a configuration which may be ana-
lyzed according to an admittedly crude and
somewhat speculative recipe based on sim-
ple thermodynamic arguments and an ideal-
ized geometry. It is not our purpose here to
prescribe the feedback between vertical ve-
locity and diabatic heating (as in terrestrial
cumulus parameterization) but only to esti-
mate the possible magnitude of temperature
(and density) contrasts as they apply to the
diagnostic analysis of the geostrophic flow.

We assume that moisture condenses
within a very thin layer (compared with the
depth of the zonal flow) just above the no-
motion interface separating the upper
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weather system from the deep atmosphere
(cf. Fig. 4). Within this very thin layer,
which we will call the condensation inter-
face, the mass mixing ratio for the water
vapor, denoted by X, is latitudinally differ-
entiated so that X = X(A). We will assume
that the differentiation works in a way to
make the equatorial mixing ratio, X(E),
greater than the value for X at higher lati-
tudes. At deep levels below the interface,
however, X = Xp a constant as required by
the assumption that the deep atmosphere
be effectively isentropic (as far as the zonal
dynamics is concerned).

The quantitative estimate of condensa-
tion pressures, latent heating, and differen-
tiation of mean molecular weight are then
derived from the following additional as-
sumptions.

(1) The potential temperature just above
the condensation interface is warmer due to
latent heat release than that at deeper levels
in proportion to the local mass mixing ratio
of water on the interface X by an amount

80L = [ Rp LXc,
= { Rlp (XIXp)(1.67°K) (Al

(cf. Barcilon and Gierasch, 1970). Here L =
2.5 % 10'° cm? sec~? denotes the latent heat
of vaporization of water, {. denotes the
(nondimensional) pressure level for the
condensation (assumed coincident with the
no-motion interface {g), and Xo = 8.83 X
1073 is the mass mixing ratio of water vapor
for a solar composition atmosphere (grams
of vapor per grams of dry air).

(2) Since the latent heat effects and the
associated jump in potential temperature
are assumed greatest at the equator, the up-
per layer adiabat there is displaced from the
deep isentropic adiabat according to the re-
lation

O(E) = Op + 8OLE). (A2)

(3) The moisture condensation pressure
coincides with the level where the water
vapor pressure equals the saturation vapor
pressure given by the Clausius—Clapeyron
equation. After expressing the vapor pres-
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sure in terms of the mass mixing ratio X,
the condensation pressure is therefore de-
termined by

1
~ Y-1p. 1 R
CC =X Pr eO(mv/md)exp [(2730K
|

- OplKep

) m,L/R *] , (A3)

solved simultaneously with Eqs. (Al) and
(A2). Here e; = 0.00611 bar is the satura-
tion vapor pressure at 273°K, m, = 18 g
mol~! is the molecular weight of water, mqy
= 2.14 g mol~! is the molecular weight of
dry (hydrogen—helium) air, and R* = 8.317
% 107 erg mol™! °K~! is the universal gas
constant.

(4) The differentiation of mean molecular
weight between the dry upper layer and the
lower vapor layer introduces a jump in the
gas constant which may be expressed as a
jump in “‘virtual temperature’’ (defined so
that the same value for R may be retained in
the dynamic equations at all locations).
Since moist air is heavier than dry hydro-
gen—helium air, the vapor layer will have a
“‘colder”’ virtual temperature than the layer
above. The contrast is simply computed
from the mixing ratio and molecular weight
ratio as

80 = O(1 — mad/m)X/(1 + X) (Ad)

(5) Now the total vertical jump 80 in the
virtual potential temperature (including la-
tent heating) across the condensation inter-
face at the equator is evaluated with X =
X(E) in Eq. (Al) and X = Xp in Eq. (A4),
ie.,

5@ = 8®L|X3X(E) + 8®le=xD. (AS)

(6) In order to apply these estimates in
the simplest possible way we will further
suppose that the zonal wind layer assumes
the extreme limit of shallow high-latitude
flow discussed above as special case 3 for
the geopotential balance equation (with
{s(P) — 1). If the condensation interface is
in fact coincident with the no-motion level,
such a configuration may result from the
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depletion of condensed water on this inter-
face at the pole, so that X(P) — 0.

With these assumptions and the under-
standing that the total virtual temperature
variation 8® now acts in the same way as
80 in Eq. (15), we may apply the results of
Eq. (A5) to the relation between thermal
contrast and pressure depth shown in Fig.
5. (We will assume for now that Saturn’s
bulk rotation period is exactly the radio pe-
riod but will recall that if it is a few minutes
shorter, the thermal contrast requirements
for a thin layer will be much less severe.)

Table Al gives the indicated condensa-
tion pressure and associated changes in po-
tential and virtual temperature for different
values of the mass mixing ratio (in multiples
of the solar composition value Xg) accord-
ing to the prescription of Eqs. (A1)-(A4)
above. The table is extended to X/Xg = 50
to allow for the possibility that large mean
abundances for the outer envelope (with Xp
=~ 10 Xo?) may be further enriched (up to
five times, for example) by horizontal dif-
ferentiation at the condensation interface.

Table AIl then summarizes an applica-
tion of these results to an evaluation of the
total jump in virtual potential temperature
prescribed by Eq. (AS) for different values
of Xp and the latitudinal differentiation fac-
tor X(E)/Xp. The corresponding value of
the required bottom pressure may then be
obtained from Eq. (15) and Fig. 5. In order
for water condensation effects to be a plau-
sible candidate for the required buoyancy
contrasts the indicated pressure depth must

TABLE Al

MOISTURE CONDENSATION PARAMETERS

X/Xo Condensation 80t 56V
pressure (bar) (°K) °K)

1 12 0.6 0.8

2 15 1.1 1.5

5 20 2.6 3.7
10 26 4.7 7.2
20 38 8.4 13.2
50 78 17.0 27.0

307

TABLE All

THE TOTAL JUMP IN VIRTUAL POTENTIAL
TEMPERATURE (INCLUDING LATENT HEATING)
80 = 8O y_xi) + 80"[x-xp

X(E)Xp 1 2 5
Xo/Xo

1 1.4 1.9 3.4

s 6.3 8.4 13.8

10 11.9 15.6 24.2

20 21.6 27.7 39.9

be in the vicinity of the condensation lev-
els. (The numbers in Table Al might be a
slight underestimate of the pressure depth
of cloud induced gradients in the presence
of strong precipitation. Rossow (1978) has
shown that on Jupiter precipitating water
droplets may fall half a scale height before
they are reevaporated.) Because of uncer-
tainties in vertical transports and the actual
values for the Saturn water abundance, it is
impossible to obtain a unique solution to
the diagnostic analysis of water condensa-
tion. The results in Table AII do suggest,
however, that unless Xp is as large as 20
X, strong latitudinal differentiation on the
condensation interface is required to pro-
duce a large enough value for 80 to restrict
the flow to cloud condensation depths in
this way.

With Xp = 10 X and X(EYXp = 5 (so
that the equatorial condensation depth is
close to 80 bars), the indicated jump in total
virtual temperature is around 24°K. Figure
5 shows that the corresponding depth for a
confined upper layer flow is around 50 bars.
This combination of mean envelope abun-
dance and latitudinal differentiation is
therefore a plausible configuration for the
support of a thin-layer flow. By a similar
process of inspection, Table AIl shows that
another plausible configuration corre-
sponds to the parameter setting Xp = 20 X
and X(E)/Xp = 2.
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